Primordial black holes are produced in a minimal UV extension to the Higgs inflation with an included R 2 term. We show that for parameters consistent with Standard Model measurements and Planck observation results lead to MPBH ∈ (10 −17 , 10 −15 )M primordial black holes with significant abundance, which may consist the majority of dark matter.
Introduction.-It is an intriguing possibility that primordial black holes (PBH) [1] , if heavier than 10 −19 M [2] , may contribute to a major fraction of dark matter in our universe [3] [4] [5] [6] [7] [8] [9] [10] [11] . Recent progress in observation of lensing [12, 13] , extragalactic γ rays [14] [15] [16] , and CMB [17] [18] [19] greatly narrowed down the allowed mass range and now only small windows are available: M PBH ∈ (10 −17 , 10 −15 ) ∪ (10 −13 , 10 −11 )M . Indeed, numerous theoretical attempts have already been made in various inflationary scenarios to generate enough PBHs in the right mass window [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . (See [39] for a comprehensive review.) Among many models, the Higgs inflation [40] , equivalently Starobinsky's inflation with a R 2 term [41] , 1 attracts special attention since it provides the best fit to the astrophysical and cosmological observations [42, 43] . The success of Higgs inflation can be generalized to a broader perspective [44] . However, Higgs inflation is not free from theoretical issues: most notably, its original setup requires a large nonminimal coupling ξ ∼ 10 4 that leads to a low cutoff Λ ∼ < M P /ξ M P [45] [46] [47] [48] [49] . Several proposed solutions include considering a field dependent vacuum expectation value [50] , introducing the Higgs near-criticality [51] [52] [53] or adding new degrees of freedom [54] [55] [56] [57] [58] .
The addition of a R 2 term to the gravity sector proved to be a novel setup that relieves these issues during inflation and reheating. The R 2 term may dynamically arise from radiative corrections of the nonminimal interactions [57, [59] [60] [61] [62] [63] [64] then pushes the theory's cutoff scale beyond the Planck scale: the new scalar field, s, called scalaron emerges in association with the R 2 term and unitarizes the theory [58, [65] [66] [67] just like the Higgs field does for electroweak theory. The violent preheating in pure Higgs inflation [68] is also resolved by the R 2 term [65, 66] . Therefore, it is most realistic to consider both scalars in our setup. We refer this setup as 'Higgs-R 2 ' inflation.
In this letter, we address the PBH production in Higgs-R 2 inflation. PBH production in the framework of single * dhongyeon@yonsei.ac.kr † sungmook.lee@yonsei.ac.kr ‡ sc.park@yonsei.ac.kr 1 Neglecting the kinetic term during the inflation, both theories are equivalent since L/ √ −g (M 2 + ξφ 2 )R/2 − λφ 4 /4 is mapped to M 2 R/2 + (ξ 2 /4λ)R 2 by solving the field equation for δφ.
FIG. 1.
The potential with benchmark parameters M = 4.2 × 10 −5 MP , ξ = 79, λmin = 4.10514 × 10 −6 , hmin = 0.15MP . The red line depicts the inflaton trajectory following Eq. (7) . The inflaton rolls down the valley of the potential, crossing the shallow local minimum before inflation terminates.
field critical Higgs inflation has been studied by many authors, but problematic issues regarding slow-roll violation, rapid ξ-running do not allow a significant PBH abundance in the desired mass range [69] [70] [71] [72] [73] [74] [75] . Here, we study the exact dynamics of inflation and numerically evaluate perturbation evading the problems regarding the validity of slow-roll approximation and show the significant production of PBH. Intriguingly, considering collective contributions from the scalaron and the proper RG-running effects for SM couplings taking the latest results from the LHC run-2, notably the running top quark mass [76] , allows a second plateau along the trajectory of the inflaton in addition to the plateau at large field values as depicted in Fig. 1 and results in a significant amount of primordial black holes in the dark matter desired mass range (10 −17 , 10 −15 )M while satisfying Planck 2018 inflation parameters [42, 43] .
Inflation action.-The action for the Higgs-R 2 inflation in the Jordan frame is given as
where the gravity action including the nonminimal cou-arXiv:1912.12032v2 [hep-ph] 4 Jan 2020 pling with the Higgs, h, in the unitary gauge and R 2 term is
The reduced Planck scale is M P = 1/ √ 8πG 2.4 × 10 18 GeV. The scalaron mass M ∼ < M P /ξ is introduced to match the dimensionality. We take the running self coupling of the Higgs λ (µ) at a scale µ.
The scalaron, s, is defined as
The action in Einstein frame is obtained by Weyl transformation g µν = e Ω(s) g J µν where two scalar fields, (φ a ) = (s, h) appear in the scalar potential U (φ a ) and the kinetic terms involve a nontrivial field space metric G ab :
Explicitly, the field space metric is given for (s, h) as
The equations of motion will in turn inherit effects from the metric G ab in 'curved field space':
with the covariant derivatives
There are 3 parameters (M, ξ, λ)| µ governing the inflationary dynamics, which all run in scale µ by the Standard Model interactions as well the scalaron interactions following the 1-loop beta functions [58, 63, 77, 78] β α = − 1 16π 2 (1 + 6ξ) 2 
18
,
where α = M 2 P /12M 2 and β SM is the Standard Model contribution [79] . Numerically the running effects of β λ turns out to be the most significant factor in our analysis.
Determining an appropriate expression for µ also remains a nontrivial process. For theories consisting a single scalar (i.e. Higgs), taking µ to be a function solely depending on that particular scalar is natural. The introduction of additional scalar degrees of freedom generally alters this choice of scale. Recalling the gravity sector Eq. (2), obtaining an appropriate µ involves solving an equation that sets the logarithmic correction terms to be zero in order to guarantee perturbativity in the system [78, [80] [81] [82] . This also leads to a possible parameterization
For our parameters of interest, which satisfy Planck CMB observations and the desired PBH mass range, the Higgs field value during inflation h ∼ O (0.1) − O (1) M P , where the Hubble parameter H ∼ √ U ∼ 10 −5 M P and coefficients a, b are numerical values with equal orders. Numerical solutions of this parameterization with desired values allow us to choose µ = h as our prescription. Therefore, we express λ (µ) as
with β SM 2 ≈ 0.5, µ min = h min ∼ 10 17 − 10 18 GeV as denoted in [83, 84] .
We show the shape of the potential in Fig. 1 . It also depicts the corresponding inflaton trajectory for given benchmark parameters. The potential exhibits a valley like structure, and the inflaton falls into this region and rolls along this trajectory, passing through the near inflection point as we already mentioned before. Along the trajectory, the time evolution can be effectively described in term of e-foldings, which is depicted in Fig. 2 . It is noticed that the simultaneous evolution of s, h allows the system to exhibit a single-field like behavior with negligible isocurvature perturbation [66, 85] . The inflaton's kinetic energy substantially decreases when it reaches the near inflection point, remaining in this position for O (10) e-folds. This is precisely the region where P R (k) enhances up to PBH criteria.
As our scenario requires, the potential needs to be close but still deviate from a true inflection point. The position of inflection and the corresponding value λ inf min are determined for a given M, ξ, β 2 , h min by computing ∂U /∂s| s=s * = 0 , ∂U /∂h| h=h * = 0,
with the curved field space taken into account in the derivatives at the pivot point (s, h) = (s * , h * ). We then compute the λ min value, which encapsulates the information from the SM measurements, especially from m t , α s and also m h , by subtracting an infinitesimal quantity from the inflection point value, λ min = λ inf min − δc, with δc ∼ O 10 −7 varying to induce a local minimum according to the criteria P R (k PBH ) ∼ O 10 −2 .
We numerically evaluate the P R (k) using PyTransport [86] based on the δN formalism implemented transport method [87, 88] . This inhibits the exact dynamics from Eq. (7) including effects of the ultra-slow-roll phase. Fig. 3 delineates P R (k) from CMB horizon exit to inflation termination for the inflection point and local minimum cases with our benchmark cases (i) λ inf min ≈ 4.16 × 10 −6 , and (ii) λ min ≈ 4.10 × 10 −6 for M = 4.2 × 10 −5 M P , h min = 0.15M P , ξ = 79. Both cases exhibit a nearly scale invariant spectrum in large k values, satisfying the observed Planck value P R (k CMB ) ≈ 2.1 × 10 −9 . In this region, contributions from λ (h) h 4 /4 become negligible, hence the potential for both cases take an approx-
containing an exponentially suppressed term resulting in a plateau in CMB scales [43] . The peak enhancement behavior strongly depends on effects deviating from slowroll [73, 89] . Compared to (i), where the slow-roll violating field evolution is not substantial enough, the shallow local minimum induced in (ii) allows the kinetic energy of the inflaton to significantly decrease, resulting in a severe growth in P R (k) up to O 10 −2 . PBH abundance as dark matter.-The curvature perturbations exceeding the critical value collapse during horizon re-entry in the radiation dominated (RD) era [14, 90] . Hence the PBH mass is proportional to 0.001 10.000 10 5 10 9 10 13 10 17 10 21
10 -12 (14) where γ denotes the efficiency of collapse and has a typical value of γ = 0.2 and the mass is in solar mass units.
We follow the standard 'peaks theory' method counting the number density of peaks above a given criterion [91, 92] to compute the PBH mass fraction β MPBH of the universe and the PBH dark matter abundance f PBH ≡ d (Ω PBH /Ω DM ) /d ln M PBH (see also [91, [93] [94] [95] [96] [97] ): 
where g * = 106.75 is the effective relativistic degree of freedom in the RD era, ∆ = δρ/ρ and ν = ∆/σ ∆ . ∆ c values for the RD era range alter with the feature of the inflationary power spectrum, however conventional values range in ∆ c ∼ 0.3 − 0.5 [91, 95, 98] . Fig. 4 depicts f PBH for several cases, along with current observational constraints on this quantity. 2 The peak itself exhibits an asymmetric form, which corresponds to the asymmetric growth and decay of P R (k) in small scales. This leads to a distinctive peak feature, which can be used to distinguish different PBH scenarios predicting a similar mass range. Taking a reasonable ∆ c value, f PBH peaks with a value of approximately f peak PBH ∼ O (0.1 − 1) in a mass range M PBH ∼ O 10 −17 − O 10 −11 M , covering all of the range allowed for PBHs to dominate as dark matter. Several studies proposed methods including femtolensing and GW observations that directly constrain this mass range [13, 101, 102] , which allows our scenario to be tested in the near future.
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We depict the parameters n s and M PBH in Fig. 5 for parameter choices that satisfy the appropriate P R (k CMB ) value, an inflationary period of about 50-65 e-folds, and P R (k peak ) ∼ O 10 −2 . Here the n s parameter is the spectral index of the comoving curvature power spectrum expressed as n s = 1 + d ln P R (k) /d ln k. From this we clearly notice a correlation between n s and M PBH . This is expected as the k PBH is governed by the position of the shallow local minimum, in which parameters h min , ξ mainly determine. When fixing h min , increasing ξ shifts this local minimum to a larger field value, resulting in a higher M PBH . This in turn leads to a shorter period of slow-roll inflation before P R (k) increases, also leading to a smaller n s value.
Our results indicate that albeit the scenario can produce enhanced P R (k) values for M PBH ∼ O 10 −17 − O 10 −11 M , consistency with Planck CMB observables restrain the possible mass range to the smaller limit, O 10 −17 − O 10 −15 M within 2σ significance with Planck. It also confines the possible h min range, which is in direct relation with the top quark pole mass in the renormalization group equations. This alleviates the results from single field critical Higgs inflation [69, 103] by a significant amount. The addition of the R 2 term i.e. the scalaron degree thus allows the required P R (k) criteria with higher consistency with CMB measurements.
Conclusion.-We report significant PBH production in Higgs-R 2 inflation with the Standard Model parameters obtained from the latest LHC run-2 results : running coupling of λ (µ) with an R 2 term allow two plateaus of the inflaton potential where the higher one is responsible for explaining CMB observations and the shallow local minimum in smaller field values is responsible for PBH production. The second region significantly amplifies the comoving curvature power spectrum resulting in an amplification of P R (k PBH ) /P R (k CMB ) ∼ O 10 7 and stimulates gravitational collapse during horizon reentry in the radiation dominated era, leading to PBHs with specific mass M PBH ∈ (10 −17 , 10 −15 )M consisting a significant fraction of dark matter. Our analysis point out that unlike single field critical Higgs inflation, which is unable to amplify P R (k) in the desired mass range, the addition of R 2 allows significant amplification in higher mass ranges that can remain as PBHs as the majority of dark matter until our present universe.
This study opens up many interesting aspects. First, the detectability of this scenario also has advantages over others. Due to the tight correlation between n s and the mass of PBH, future CMB experiments will be able to determine this case in a relatively near future. The relation between the top quark mass and the PBH mass is also a strong correlation in the SM, therefore the observation of a PBH in the predicted mass may highly constrain the top quark pole mass. New physics incorporating both curved spacetime and additional degrees can change the high energy running behavior of λ (µ), which may affect the PBH mass and CMB observations. The cross confirmation between PBHs and CMB analysis may provide a good probe for BSM physics.
